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ABSTRACT 
 
 
The procedures used to freeze and sample a Pleistocene sand deposit at the 
Coastal Research and Education Center near Charleston, South Carolina to preserve and 
study the effects of diagenesis are presented in this thesis. An initial feasibility study was 
conducted to target a layer of clean sand at the CREC site with little to no frost heave 
potential. To freeze the sand deposit, a ground freezing system with a central freezing 
pipe was installed to target a column of sand 1-m in radius and 2.3-m long.   Liquid 
nitrogen was continuously supplied to the large steel freezing pipe, which was fabricated 
to isolate and radially freeze between depths of 1.8 m and 3.8 m below the ground 
surface, for 270 hours. Frozen sand cores taken from five locations 0.65 m to 0.7 m away 
from the central freeze pipe indicate the ground around the freeze pipe was frozen 
between depths of 1.8 m and 3.8 m below the ground surface at all but one location. A 
total length of core equal to 8 m with no indication of frost heave was retrieved from the 
site. Results of the ground freezing system including ground temperature measurements, 
growth of the frozen zone, and the amount of liquid nitrogen consumed are presented and 
compared with predicted values. 
Temperatures recorded during ground freezing indicate that the rate of freezing at 
CREC was influenced by the direction of groundwater flow, flow rate of liquid nitrogen, 
and the location and type of liquid nitrogen inlet. The frozen zone estimated with 
temperature measurements was shown to be tapered with the largest growth at the same 
elevation as the liquid nitrogen inlet. The frozen zone also appeared to extend in the 
direction of groundwater flow and contract in the upstream direction. To reduce the time 
 iv 
required to freeze the soil surrounding the freeze pipe, the flow rate of liquid nitrogen 
was increased. While temperatures decreased as predicted when the liquid nitrogen flow 
rate was high, the volume of liquid nitrogen consumed was much higher than predicted. 
Frozen samples obtained from the CREC site were transported to Clemson 
University and the University of South Carolina following ground freezing. The samples 
will be used in high quality static and cyclic triaxial tests. 
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CHAPTER 1 
 
INTRODUCTION 
 
 
1.1 Background 
The South Carolina Coastal Plain (SCCP) is vulnerable to earthquake hazards. 
During the magnitude 7+ 1886 Charleston, SC earthquake, some natural sand deposits in 
the SCCP liquefied causing extensive ground deformation and resulting in significant 
property damage while other natural sands did not liquefy (Martin and Clough 1990). 
Describing the liquefaction potential of the SC Coastal Plain has been of interest to 
Clemson University geotechnical research (Balon and Andrus 2006; Hayati and Andrus 
2008; Heidari 2011; Heidari and Andrus 2012), but greater understanding is needed 
concerning the behavior of natural sands, particularly the ability to predict the static and 
dynamic behavior of sands with considerable geologic age, to adequately design for 
earthquake hazards. 
1.2 Shear strength of aged sands 
Relatively little is known about the influence of aging processes (or diagenesis) 
on the shear strength of natural sands, compared to freshly deposited sands. One reason 
for this lack of understanding is due to the difficulty and extra expense to collect 
undisturbed samples from natural sand deposits. Another reason is that until recently 
(Hayati and Andrus, 2008; Andrus et al. 2009) it was very difficult to quantify the extent 
of diagenesis within a natural sand deposit. Thus, the more conservative properties of 
freshly deposited sands are typically assumed in engineering designs involving natural 
soils, leading to more expensive solutions. For example as documented in the study by 
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Hayati and Andrus (2008), sands in the Charleston, South Carolina area belonging to the 
100,000-year-old Wando Formation exhibit similar cone tip resistances to freshly 
deposited sands, but much higher shear wave velocities. Commonly used procedures 
based on cone tip resistance predict high liquefaction potential for the Wando sands, 
which has lead to many unnecessary and costly ground improvement projects in these 
sands. However, evidence from the 1886 Charleston earthquake indicates that little to no 
liquefaction occurred in these deposits of the Wando Formation. Better understanding of 
natural sands could lead to lower construction costs, better use of building resources, and 
more accurate interpretation of large strain tests such as the cone penetration test and 
standard penetration test. 
Presently there is no reliable relationship to correlate the increase in the shear 
strength of sands with age.  Attempts have been made to correlate the increase in other 
soil properties, such as the penetration resistance and liquefaction resistance with age. 
Two previously published relationships for correcting penetration resistance (CA) and 
liquefaction resistance (KDR) are presented in Figure 1.1. The slope of the relationships in 
Figure 1.1 represents the strength gain per log cycle in time. As shown in Figure 1.1, the 
slope of the KDR relationship is significantly larger than the slope of CA relationship 
because pore pressure build up and liquefaction begins at medium strain and penetration 
resistance is a high strain measurement. Because static shear strength is also a high strain 
measurement, it likely plots closer to the CA curve. To accurately predict the static 
properties of sand (i.e. penetration resistance), the relationship between shear strength 
and age should be determined from testing of undisturbed samples of natural sands.  
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Figure 1.1   Comparison of strength gain factors for liquefaction resistance and 
penetration resistance. 
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Because many factors vary between samples of natural sand (mineralogical 
composition, void ratio, grain size distribution, etc.) it is difficult to simply compare 
shear strength and age without having significant scatter between different sites. Hayati 
and Andrus (2009) compiled published laboratory test data and compared the cyclic 
strength of undisturbed samples to the cyclic strength of freshly deposited, or remolded, 
samples to eliminate some of these sources or variability. The same idea can be applied to 
static shear strength. Assuming sand is cohesionless, the ratio of intact to remolded static 
shear strength can be defined as: 
CA = [tan(Φ’intact)]/[tan(Φ’remolded)]                      1.1 
where CA is the factor to correct for aging and fabric effects, Φ’intact is the drained friction 
angle determined from an undisturbed sample of sand, and Φ’remolded is the drained 
friction angle determined from a remolded sample of sand. Using careful sampling 
techniques, the friction angle can be determined on relatively undisturbed samples in 
drained triaxial compression tests. 
1.3 Undisturbed sampling of sandy soils 
It is usually very difficult to obtain undisturbed samples of sandy soils. Fixed-
piston sampling with thin walled tubes can be used for “undisturbed” samples with 
careful procedures, however fragile or loose unsaturated sands may break, disintegrate, or 
densify; and dense sands may dilate (Wride et al. 2000). Block sampling has been used in 
the past for cemented or highly interlocked soil (Clough and Sitar 1981; Cresswell and 
Powrie 2004). Rotary core sampling of sands is also found in the literature. However 
Ventouras and Coop (2009) showed that disturbance of soil fabric appeared to be more 
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pronounced for rotating core samples than for block samples. Finally, these methods all 
cause some disturbance when the soil is cored/excavated and they are difficult to use in 
the case of loose to medium dense sands with few fines (particle size < 0.075 mm). To 
accurately assess the shear strength parameters of aged soil deposits, the in situ 
conditions should be preserved. To obtain the highest quality intact samples, in situ 
ground freezing and sampling has been used (Hanzawa and Matsuda 1977; Marcuson et 
al. 1977; Yoshimi et al. 1984;  Hatanaka et al. 1985; Sego et al. 1994; Hofmann 1997; 
Hofmann et al. 2000). 
Ground freezing and sampling has been primarily practiced in Japan and Canada 
for liquefaction studies. The procedure involves circulating liquid nitrogen through a pipe 
inserted in the ground to radially freeze the ground at the appropriate depths. While 
ground freezing is costly compared to conventional techniques, it has the advantage of 
locking in the in situ conditions of the soil prior to coring and extracting the soil.  
Previous research has shown that  freezing soil prior to coring and transporting it 
to the surface minimizes disturbances associated with conventional sampling such as 
changes in the soil fabric, void ratio, stress history, and degree of saturation of the 
samples. Hoffman et al. (2000) showed that the void ratio of samples that were frozen in 
situ and cored in Canada were in good agreement with void ratios determined with a 
downhole nuclear density gauge, as presented in Figure 1.2. Furthermore, Wride et al. 
(2000) concluded that in loose sandy deposits, fixed-piston sampling tends to recover 
denser samples than samples from in situ freezing, reportedly because of sample 
disturbance. 
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Figure 1.2  Void ratios from in situ freezing and sampling in Canada compared with 
void ratios estimated with a downhole nuclear density gauge (Hoffman et 
al. 2000). 
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1.4 Purpose of research 
 The relationship between the increase in static shear strength and age has been 
demonstrated indirectly using penetration resistance. However the relationship between 
laboratory determined shear strength from triaxial compression or direct shear tests with 
age has not been proposed in previous research. In addition, there is a lack of static shear 
strength data for sand deposits older than Holocene ( > 10,000 years). 
 In this thesis, procedures needed to acquire samples with minimal disturbance 
using in situ ground freezing and sampling in the SCCP at Clemson University’s Coastal 
Research and Education Center (CREC)  near Charleston, SC is described. The objectives 
of the research presented herein are to design and conduct ground freezing at the CREC 
site and to obtain samples of a Pleistocene age sand deposit. The objective of future 
research is to quantify the increase in shear strength of sand due to aging. The 
methodology and results of static triaxal compression tests  performed on undisturbed 
samples, as well as findings relating the strength gain factor to age for sands will be 
presented in my Ph D. dissertation.  
1.5 Organization 
 Following this introduction, Chapter 2 presents a review of ground freezing and 
sampling. Chapter 3 details the design and procedures for installing a ground freezing 
system at the CREC site. Results of ground freezing including ground temperatures 
measured during freezing, the difference in the predicted and actual performance of the 
freezing system, and sampling and coring procedures are presented in Chapter 4. Finally, 
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Chapter 5 is included to summarize the research contained in this thesis and propose 
future development of the ground freezing method of undisturbed sampling. 
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CHAPTER 2 
REVIEW OF GROUND FREEZING AND SAMPLING 
 
 
2.1 Introduction 
Past research has shown that the initial fabric of cohesionless soils has an 
important influence on the shearing behavior of sands (Seed et al. 1982; Singh et al. 
1982, Hoffman 1997). It is also known that the in situ behavior of soils is influenced by a 
combination of depositional, stress-strain history, and diagenetic factors. While 
conventional thin walled fixed-piston sampling to obtain dense or loose samples of sand 
can cause changes in density, and thus, the in situ conditions (Seed et al. 1982; Sego et al. 
1994; Wride et al. 2000), freezing techniques have allowed cohesionless soils to be 
sampled in the past with minimal disturbance (Yoshimi et al. 1984; Sego et al. 1994; 
Hoffman 1997; Wride et al. 2000).  
2.2 Unidirectional freezing of granular soils 
A laboratory study supporting the applicability of ground freezing for the 
sampling of saturated soils was presented by Singh et al. (1982). Singh et al. (1982) 
prepared a large sample of Monterey #0 sand in a triaxial cell and froze it by submerging 
the base of the triaxial cell in coolant maintained at a temperature of -80 °F. Thus, the 
sample was frozen unidirectionally (from the bottom to the top) while allowing drainage 
at the top. The dimensions of the sample were measured after freezing and showed no 
change in volume.  The dimensions were measured again after thawing and still exhibited 
no change in volume, suggesting no disturbance had taken place. Next, samples were 
loaded in cyclic shear to a pore pressure ratio of 100%. The samples were frozen and 
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thawed unidirectionally, and reloaded to a pore pressure ratio of 100%. Identical samples 
which were not frozen were subjected to the same two loadings. Samples frozen 
unidirectionally showed the same increase in cyclic strength after reloading as samples 
which were not frozen before shearing, suggesting that freezing does not affect the cyclic 
stress-strain characteristics of sands. 
The unidirectional freezing methodology presented by Singh et al. (1982) has 
been applied to obtain high quality undisturbed samples of cohesionless soils in the field 
for liquefaction research in Japan and Canada using an in situ radial freezing technique. 
For this technique a central freeze pipe installed in the ground is filled with coolant to 
freeze a cylindrical column of soil until it has frozen far enough from the center to allow 
coring at several locations within the frozen zone.  
The concept of radial ground freezing is amenable to granular soils because they 
have a high enough permeability to allow water to be expelled in advance of the freezing 
front. In addition, the attractive forces that strongly bond water to fine-grained soils are 
not present in granular soils, so it requires less energy to expel pore water than to freeze it 
in place. As a result, water does not expand in place during freezing and soil disturbance 
can be avoided. The remainder of this chapter is devoted to summarizing previous efforts 
to freeze and sample sandy soils with the radial freezing technique. 
2.3  Historical development of ground freezing and sampling 
 Ground freezing has been used in construction to stabilize soil and control ground 
water for over a century (Singh et al. 1982). However in that time, few attempts to obtain 
undisturbed soil with ground freezing and sampling have been made. A review of ground 
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freezing indicates that the methods to obtain frozen soil vary from case to case and 
current procedures for sampling frozen ground do not follow set standards or guidelines 
(Andersland and Ladyani 2004). As a result, best practices for ground freezing require an 
understanding of the historical development of ground freezing and sampling. 
2.3.1  Fort Peck Dam 
The literature contains an early example of freezing and sampling conducted by 
the Army Corps of Engineers after an upstream slide of the Fort Peck Dam in 1938. 
Freezing was achieved by circulating coolant through seven pipes installed in a circle 
around a bore hole. Hvorslev (1949) reported that samples retrieved from the Fort Peck 
Dam were in excellent condition, exhibiting no indication of frost heave in sandy or 
gravelly soils. Hvorslev (1949) also observed some possible ice lensing in samples with 
considerable fines. Because several freeze pipes encircled the bore hole, the convergence 
of several freezing fronts at the middle of the hole might have caused water to freeze in 
place rather than drain ahead of the freezing front in soil with considerable fines. 
2.3.2  Yoshimi et al. (1978; 1984) 
Yoshimi et al. (1978) proposed a method for freezing without the issue of 
converging freezing fronts. In this method, a single steel tube is inserted in the ground, 
the bottom of the bore hole is plugged to seal the pipe, and coolant is supplied to the open 
end of the tube. As the frozen front progresses radially from the central freeze pipe, water 
is pushed away from the soil near the freeze pipe rather than freezing in place. Several 
one dimensional freezing experiments were conducted to investigate potential soil 
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disturbances caused by freezing and installation of the steel tube. Based on the 
experiments, Yoshimi et al. (1978) concluded the following 
 Expansive strains increase with increasing relative density; 
 Expansive strains decrease with increasing surcharge; 
 Expansive strains increase with increasing fines content; 
 Effect of a freeze thaw cycle on stress-strain behavior of prepared samples was 
minimal; 
 If the thickness of frozen sand is twice the freeze tube diameter, the outer half of 
the frozen sand can be sampled without significant change in relative density due 
to installation of a steel tube. 
Yoshimi et al. (1978) concluded that if the soil conditions were appropriate, the radial 
freezing method could be used to obtain undisturbed samples of clean sands below the 
ground water table with minimal disturbance. 
Implementation of the method proposed by Yoshimi et al. (1978) to sample a 
column of dense natural sand in Niigata, Japan was presented in Yoshimi et al. (1984). 
Continuously applying liquid nitrogen to a 73-mm diameter steel freeze pipe, Yoshimi et 
al. (1984) were able to freeze the top 10 m of ground in 40 hours, then overcored the 
frozen soil with a large steel casing, using a crane to extract the entire mass of frozen soil. 
An illustration of this procedure is presented in Figure 2.1. Unfortunately, overcoring the 
frozen mass of soil with a large steel casing took an unexpectedly long time, allowing the 
top 8 m of frozen sand to thaw. They were however, able to successfully recover frozen  
 
13 
 
 
 
Figure 2.1 Ground freezing system and sampling method developed by Yoshimi et al. 
(1984). 
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sand from below 8 m which was reported to have retained its in situ density. An 
illustration of the frozen sample obtained below 8 m is presented in Figure 2.2.The frozen 
sample was cut with a chainsaw into blocks for ease of transportation and used for cyclic 
triaxail testing. 
2.3.3  Hatanaka et al. (1985)  
 Hatanaka et al. (1985) presented the results of ground freezing efforts to obtain 
undisturbed samples of saturated alluvial volcanic soils in a similar manner to Yoshimi et 
al. (1984) at two sites in Kyushu, Japan. At the first sampling site, ground freezing was 
performed from the ground surface to a depth of 10 m by continuously supplying liquid 
nitrogen to a 73-mm diameter steel freeze pipe. A steel casing was lowered to a depth f 
11 m by vibrating it with a vibrating hammer to push it in place. While the frozen soil 
was extracted with a crane, the steel casing was also extracted and continuously vibrated 
to reduce friction between the steel casing and surrounding ground. Using this method, a 
fairly uniform section of frozen soil about 0.6 m in diameter was extracted. 
 The objective of sampling at the second site in Kagoshima city was to only freeze 
the soil between depths of 8.5 to 10.5 m. To do so, Hatanaka et al. (1985) extracted the 
soil overlying the target zone to a depth of 8 m and drilled a small hole in the center to 
install a central freeze pipe with a diameter of 50.8 mm to a depth of 10.6 m. Liquid 
nitrogen was supplied to the freeze pipe for 37.5 hours to obtain a frozen column about 
0.4 m in diameter between depths of 8 and 10.5 m. Freezing was stopped periodically to  
prevent the inflow of groundwater in the large cased drillhole above the target zone from  
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Figure 2.2 Cross section of the frozen mass of soil obtained by Yoshimi et al. (1984) 
during ground freezing.  
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freezing, which would have frozen in place and made it difficult to extract the frozen 
mass of soil. 
2.3.4  Sego et al. (1994) 
Citing the shortcomings of the radial freezing method employed by Yoshimi et al. 
(1984) (i.e. limited to shallow depths, requirement of heavy lifting equipment), Sego et 
al. (1994) presented a method to isolate specific layers of sand at depths greater than 10 
m at the Duncan Dam in British Columbia, Canada. Sego et al. (1994) installed two 
freeze pipes to isolate and freeze one 4-m and one 5-m long column of sand at 12 m and 
16 m below the ground surface at an earthfill dam in British Columbia, Canada. The 4-m 
and 5-m long sections of freeze pipe were isolated by installing a water proof seal at the 
top of the target freeze zone (at depths of 12 m and 16 m) so that a reservoir for liquid 
nitrogen was created below.  
An illustration of the freezing system implemented at both sites is presented in 
Figure 2.3. As shown in Figure 2.3, the steel freeze pipe section was coupled to copper 
tubing which extended to the ground surface. A silicone seal was installed between the 
sections to provide a reservoir for liquid nitrogen at the appropriate depths. Finally, 
bentonite was used to plug the freeze pipe and prevent any groundwater seepage into the 
hole. After allowing the sand at the Duncan Dam sites to radially freeze, the surrounding 
soil was cored at three locations around each  freeze pipe. 
Sego et al. (1994) found that the initial ground temperature and temperature 
gradient at the site required a much larger volume of coolant than anticipated. After 260  
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Figure 2.3 Freeze pipe configuration developed by Sego et al. (1994). 
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hours of freezing, one location was frozen and cored but the other location could not be 
frozen with the available liquid nitrogen. Furthermore, Sego et al. (1994) observed that 
groundwater seeping into the sample holes during coring partially thawed some of the 
core samples. Nonetheless, a total length of 4 m of frozen core was retrieved from one of 
the two sampling locations in excellent condition.  
Disturbance of the frozen samples was investigated by comparing the void ratios 
of retrieved samples with the void ratios determined in a nearby borehole with a nuclear 
density gauge, as shown in Figure 2.4. As indicated in Figure 2.4, samples collected 
during ground freezing and sampling exhibit similar void ratios to void ratios estimated 
from the results of a nuclear density gauge. The void ratios of samples collected with 
fixed-piston or Christianson core samplers is noticeably lower, indicating densification 
during sampling. Samples obtained with fixed-piston and Christianson core sampling 
techniques were frozen unidirectionally at the ground surface to avoid disturbances 
during transportation and handling. 
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Figure 2.4 Void ratios estimated with a nuclear density gauge compared to void ratios 
of samples collected with ground freezing, fixed piston, and Christianson 
core sampling techniques (Sego et al. 1994). 
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2.3.5.  CANLEX Project (1993 – 1997) 
A major collaborative research project known as the Canadian Liquefaction 
Experiment (CANLEX) was undertaken in the aftermath of the Duncan Dam 
investigations involving detailed site characterization, ground freezing and sampling, and 
laboratory testing of predominantly loose saturated sands. While the CANLEX project 
had multiple objectives, this review is primarily focused on ground freezing and sampling 
conducted during the project. See Robertson et al. (2000) for a complete overview of the 
CANLEX project. Over a period of five years, six investigation sites were developed in 
Western Canada between 1993 and 1997. At each site, an extensive characterization of 
the subsurface was conducted to locate suitable layers of sandy soil and ground freezing 
was conducted to obtain undisturbed samples. The six sites were visited in four phases 
which are summarized below. 
 Phase I: Freeze and sample a loose hydraulically placed sand deposit at depths of 
27 m to 37 m below the crest of the Mildred Lake Settling Basin dyke in Alberta, 
Canada. 
 Phase II: Freeze and sample two loose, native sand deposits at the KIDD 2 and 
Massey Tunnel sites in British Columbia, Canada with target zones for freezing 
between 12 and 17 m and 8 and 13 m, respectively. 
 Phase III: Freeze and sample part of a 10 m thick deposit of loose sand of an 
abandoned borrow pit in Alberta, Canada as part of a full scale liquefaction 
experiment, with a target zone for freezing between depths of 3 and 7 m below the 
ground surface. 
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 Phase IV: Freeze and sample two hydraulically placed sand deposits associated 
with the hardrock mining industry, the LL Dam and Highmont Dam in British 
Columbia, Canada. Target zones for freezing were between 6 and 10 m at the LL 
Dam and between 8 and 12 m at the Highmont Dam. 
While the installation methods varied between test sites, the ground freezing 
system design remained largely unchanged throughout the CANLEX project and was 
conceptually similar to the freezing system presented by Sego et al. (1994). The design 
criteria included being able to freeze at selected depths below the ground water table and 
to freeze an adequately sized zone. As discussed by Hofmann et al. (2000), the frozen 
zone needs to large enough to avoid sampling in the disturbed zone (about twice the 
freeze pipe diameter as estimated by Yoshimi et al. 1978) and to allow sufficient room 
for sampling without allowing unfrozen sand to flow into the sample holes during coring. 
Based on experience from the CANLEX project, Hofmann et al. (2000) recommended a 
frozen zone with a radius of at least 1 m. 
Presented in Figure 2.5 is an illustration of the ground freezing and sampling 
configuration used at the Phase I test site in Alberta, Canada. As indicated in Figure 2.5, 
ground freezing was accomplished by circulating liquid nitrogen through a steel freeze 
pipe with a rubber seal at the top of the target freeze zone to isolate a reservoir for liquid 
nitrogen. An inlet pipe extending to the bottom of the frozen zone allowed liquid nitrogen 
to fill the freeze pipe while an exhaust pipe at the top of the frozen zone allowed gaseous 
liquid nitrogen to exit the system. At each sampling location, the ground was predrilled  
22 
 
 
Figure 2.5 Illustration of the ground freezing and sampling configuration used during 
Phase I of the CANLEX project (Hofmann et al. 2000). 
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and cased to the top of the target freeze zone, then sealed with bentonite to prevent water 
from seeping into the holes. After freezing, the investigators were able to continuously 
core around the freeze pipe. In total, 20, 40, 10.8, and 34 m of frozen core were retrieved 
during Phase I, II, III, and IV respectively. For a more detailed summary of the results of 
ground freezing at the CANLEX test sites see Hofmann (1997) and Hofmann et al. 
(2000). 
Small improvements to the ground freezing system shown in Figure 2.4 were 
made across the four phases of the CANLEX project. For example during Phase II, a 
back pressure valve was installed on the copper outlet pipe to better regulate the flow of 
liquid nitrogen through the freeze pipe. During Phase IV, the investigators sought to 
correct uneven freezing observed during Phases I-III, due to liquid nitrogen accumulating 
near the bottom of the boreholes. As described by Hofmann et al. (2000) two perforated 
inlet pipes were used during Phase IV, one near the bottom of the freeze pipe and one 
near the middle of the freeze pipe, to freeze the ground more uniformly. In addition to a 
refinement in technique, the CANLEX project saw a general decrease in cost from Phase 
I (0.60 dollars/m
3
 of frozen core) to Phase IV (0.24 dollars/m
3
 of frozen core). 
2.4  Comparison between ground freezing and sampling and conventional sampling 
Results presented by Yoshimi et al. (1984), Sego et al. (1994), Hofmann et al. 
(2000), and Wride et al. (2000) suggest that samples that are frozen prior to coring 
exhibit less disturbance than conventional sampling procedures. For example, Yoshimi et 
al. (1984) showed that samples of dense Niigata sand obtained with a triple tube sampler, 
were looser than samples cut from a large mass of frozen Niigata sand from the same 
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deposit. In addition, the cyclic shear strength of Niigata sand sampled with a triple tube 
sampler was shown to be about 30% lower than the cyclic strength of Niigata sand cut 
from a large mass of frozen Niigata sand, suggesting the sampling disturbance caused by 
the triple tube sampling method resulted in a loss of cyclic shear strength. 
Sego et al. (1994) and Wride et al. (2000) showed that the void ratios of loose 
sand sampled with in situ freezing at three of the CANLEX sites were obtained with 
slightly higher void ratios than carefully collected fixed-piston samples, suggesting some 
densification of the fixed piston samples took place during coring. After coring, the 
fixed-piston samples collected during the CANLEX project were unidirectionally frozen 
at the ground surface with dry ice to minimize sample disturbances during transportation 
and handling. The void ratio of frozen samples and fixed piston samples with depth 
collected at the Phase I CANLEX test site is shown in Figure 2.6. Wride et al. (2000) 
reported that the change in void ratio was higher (Δe ≈ –0.10 to –0.15) at sites with 
unsaturated sand than at sites where the degree of saturation was 100% (Δe ≈ –0.03 to –
0.05). Wride et al. (2000) concluded that the use of fixed-piston sampling to determine 
the in situ density of loose, unsaturated sand should be avoided. 
2.5  Conclusions 
 While techniques to freeze soil have existed for over a century, few attempts to 
obtain undisturbed frozen samples have been made in the past. Besides one early example 
of at the Fort Peck Dam in 1938, ground freezing and sampling was uncommon until 
researchers began to invest significant time and resources into understanding the 
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liquefaction phenomenon, and therefore realizing the major influence of structure on the 
liquefaction resistance of natural sands.  
 From these efforts, a radial freezing method utilizing a single freeze pipe was 
developed by Yoshimi et al. (1978) and implemented by Yoshimi et al. (1984) to freeze 
the surficial sand deposits in Niigata, Japan which were extracted with a crane. Hatanaka 
et al. (1985) implemented procedures to freeze soil in a particular layer of interest, 
(instead of all the surficial soil) below the ground surface which involved excavating the 
overlying soil. 
 Sego et al. (1994) described a ground freezing system used to freeze sands at 
depths greater than 10 m in which sampling was performed by coring the frozen ground 
around the central freeze pipe rather than extracting the entire mass of frozen soil with a 
crane. This method was soon adopted in a major collaborative research project known as 
the CANLEX project, during which six different sites were visited. At each site ground 
freezing and sampling was successfully performed with only small modifications to the 
ground freezing and sampling procedures originally implemented by Sego et al. (1994). 
The results of the CANLEX project have proven that carefully planned ground freezing 
and sampling, using similar procedures, can be conducted reliably to collect undisturbed 
samples of granular soil. 
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Figure 2.6 Comparison of the void ratios of frozen samples and fixed piston samples 
collected during Phase I of the CANLEX project (Wride et al., 2000). 
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CHAPTER 3 
DESIGN AND INSTALLATION OF A GROUND FREEZING SYSTEM* 
 
 
3.1 Introduction 
The procedures used to design and implement a ground freezing system at the 
Coastal Research and Education Center site  near Charleston, South Carolina to sample 
Pleistocene age sand are presented in this chapter. A description of the site and the 
selection of the target zone for freezing are presented. A feasibility study of ground 
freezing is summarized. Finally, the design and construction of the ground freezing 
system is presented.   
3.2 Site description 
CREC is a large agricultural research facility located just off of U.S. Highway 17 
(Savannah Highway), a few kilometers west of I-526. A map with the location of the 
CREC site relative to Charleston is shown in Figure 3.1. The director of CREC made 
available an area for geotechnical field testing, which has been characterized by previous 
research (Boller 2008; Boller et al. 2008) 
Presented in Figure 3.2 is a map of the CREC site showing locations of the 
previously conducted geotechnical field tests and the ground freezing system. The ground 
freezing system was located 3 m from the boreholes designated B2 and B3. A clear  
distance of 10 m from the location of vibroseis testing performed at V1 by the University 
     
*A similar form of Chapters 3 and 4 has been submitted to ASCE Journal of Geotechnical and 
Geoenvironmental Engineering for possible publication; Esposito, M. P. III, Andrus, R.D., and Camp, 
W.M. III (2013). “Ground Freezing and Sampling of a Pleistocene Sand near Charleston, South Carolina.” 
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Figure 3.1 Map of Charleston showing location of the CREC site 
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Figure 3.2 Map showing locations of field tests at the CREC site (modified from 
Boller et al. 2008). 
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of Texas at Austin and the University of Arkansas in April 2011 was maintained. At the 
time of installing the ground freezing system in July 2011, cone sounding RB5 was 
pushed to determine the depth to the groundwater table and auger hole TA1 was 
performed to assess hole stability for installation of PVC casings at the core sampling 
locations. 
Illustrated in Figure 3.3(a) are the general ground conditions at the site and the 
targeted zone for freezing in layer B. Cone profiles from C5, RB3, and RB4 presented in 
Figure 3.3(b) and boring logs from B2 and B3 show that a fairly uniform sand deposit 
exists between the depths of 0.6 and 4.4 m. This sand deposit, layer B, is a part of the 
70,000 to 130,000 year old Wando Formation, based on the geology map by Weems et al. 
(2011). As indicated in Figure 3.3(a), the sand of layer B can be divided into a denser 
section (sublayer B1) and a looser section (sublayer B2). The low friction ratio and small 
pore pressure buildup with depth measured in cone soundings C5, RB3, and RB4 shown 
in Figures 3.3(c) and 3.3(d), respectively, are indicative of sandy soil. Based on split-
spoon samples collected in boring B3, the sand of layer B classifies as poorly-graded, 
clean sand (SP) according to the Unified Soil Classification System (Boller 2008).  
The goal of ground freezing was to freeze a column of saturated sand in layer B 
about 2.3 m in length with a radius of 1 m without freezing the underlying clayey layer C 
shown in Figure 3.3(a), which might cause undesirable frost heave. The frozen zone was 
conservatively estimated to be tapered towards the top of the liquid nitrogen-filled section 
of the freeze pipe, based on results presented by Hofmann (1997). Hofmann (1997) 
observed that liquid nitrogen does not always completely fill the freeze pipe and can  
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Figure 3.3 Profiles of (a) generalized soil profile and initial estimate of freeze zone, (b) cone tip resistance, (c) cone 
friction ratio, and (d) cone pore pressure. 
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result in a non-uniformly shaped frozen zone. The groundwater table was initially 
assumed to be at a depth of 1.3 m based on measurements made in March and April  
2011. However, the groundwater table was determined to be 1.9 m below the ground 
surface at the time of the freeze program in late July 2011, as indicated in Figure 3.3(a). 
3.3  Feasibility 
 
Coolant requirements, freezing time, flow conditions, and frost heave potential 
are the specific factors that should be considered in determining the feasibility of ground 
freezing. 
3.3.1  Coolant Requirements 
The type of coolant has a major effect on the required time and cost for ground 
freezing. Liquid nitrogen, with a temperature of -196 °C, results in rapid freezing. After 
changing phase to nitrogen gas however, it is too difficult to reuse and must be vented 
into the atmosphere. Circulating brine, with a temperature of -55 to -30 °C, through the 
freezing system is safer and easier to control, but requires a long freezing time and 
expensive support equipment (i.e., electric power, water supply, refrigeration plant, 
storage tank, and circulation pumps). As discussed by Stoss and Valk (1979), liquid 
nitrogen is the less costly choice for applications in which a small volume of soil needs to 
be frozen or the maintenance period is short. Hence, liquid nitrogen is the better choice 
for ground freezing at CREC. 
The amount of liquid nitrogen required for freezing depends on how much heat 
energy is extracted from the soil. As discussed by Andersland and Ladyani (2004), heat is 
extracted from the groundwater and the soil as they cool to 0° C and during the phase 
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transformation of water to ice. Sanger and Sayles (1979) provided the following equation 
to predict the total energy extracted during ground freezing for a frozen cylinder: 
Q  =    [      (  
 )    (  )          (   ⁄ )⁄ ]           3.1 
where Q is the total heat energy extracted in J/m length of freeze pipe; R is the radius to 
the frozen/unfrozen soil interface; L is the volumetric latent heat of fusion of the pore 
water in J/m
3
; Cu is the volumetric latent heat of the unfrozen soil in J/m°K; v0 is the 
difference between the original ground temperature and the freezing point of water; ar is 
a ratio of the radius of influence of the frozen column to the actual radius of the frozen 
column; Cf is the volumetric heat capacity of the frozen soil in J/m°K; vs is the difference 
between the temperature at the edge of the freeze pipe and the freezing point of water; 
and  r0 is the radius of the freeze pipe. The value of ar is typically taken to be 3 (Hofmann 
1997).  
Cu and Cf are estimated from the water content and the dry density of the soil 
layer using equations provided by Farouki (1986). These equations are listed below: 
   (    ⁄ )(          )               3.2 
   (    ⁄ )(             )               3.3 
Where γd is the dry unit weight of the soil, γw is the unit weight of water, w is the 
moisture content of the soil, and Cw is the volumetric heat capacity of water, 4187 
kJ/m°K. In layer B, the initial water content was estimated to be 27% based on split-
spoon samples collected from borehole B3 and the dry density was estimated to be 1386 
kg/m
3
 using shear wave velocity measurements obtained from seismic crosshole testing 
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at B1, B2 and B3. The values of Cu and Cf  were calculated to be 2611 kJ/m
3
°K and 1828 
kJ/m
3
°K, respectively.  
 The initial groundwater temperature for the month of July was assumed to be 
24°C, from data at the National Oceanographic Data Center website 
(www.nodc.noaa.gov Accessed: 04/18/11). Because CREC is within a kilometer of tidal 
marshes of the Atlantic Ocean, it was believed that seawater, which freezes at about -2°C, 
could be encountered at the site. Thus, v0 and vs were taken to be  26 °C [= 24 – (-2)] and 
-194 °C [= -196 – (-2)], respectively, assuming the freeze pipe is the same temperature of 
liquid nitrogen. 
The volume of liquid nitrogen required per meter length of freeze pipe, VLN, 
required to freeze a column of soil with radius R  can be determined from (Sanger and 
Sayles 1979): 
   =
 
   
                                                                                                                              .  
where LLN is the latent heat of liquid nitrogen with a value of 199.1 kJ/kg. Based on 
Equations 3.1 and 3.4, VLN = 8.2 kL/m for the estimated freeze zone shown in Figure 3.3. 
Multiplying VLN by the target length for ground freezing, LT, gives the total liquid 
nitrogen required. Therefore, the predicted total liquid nitrogen required is 19 kL (= 8.2 
kL/m · 2.3 m). As can be seen in Table 3.1, the volume of liquid nitrogen required per 
meter length of freeze pipe is within the range of reported values for four CANLEX test 
sites. 
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3.3.2  Freezing requirements 
The equation for time, t, required to freeze a column of soil of a given radius was 
also given by Sanger and Sayles (1979). This equation is expressed as 
t  =(         ⁄ )[   (   ⁄ )           ]                                                     3.  
where 
   =[      (  
   )    (  )]                                                                        .  
and kf is the thermal conductivity of frozen soil in Watts/m°K. Assuming the sand in 
layer B is 60% quartz, kf was estimated to be 3.43 Watts/m°K from a chart by Farouki 
(1986). Using Equation 3.5, the time required to freeze a soil column 2.3 m long with a 
radius of 1 m at the CREC site was predicted to be 305 hours or 13 days. A time of 13 
days is similar to times estimated for four CANLEX test sites given in Table 3.1. 
The estimated values needed to calculated the theoretical liquid nitrogen 
consumption and growth of the frozen radius with Equations 3.4 and 3.5 are provided in 
Table 3.2. A plot of the theoretical liquid nitrogen consumption and growth of the frozen 
radius with time is presented in Figure 3.4. Finally, the tabulated values of the time, heat 
energy, and volume of liquid nitrogen required for different radii are presented in Table 
A.1 of Appendix A.  
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Table 3.1 Comparison of ground freezing data predicted for CREC and four CANLEX test sites. 
Site 
Required 
temperature 
change for 
freezing,  
Liquid nitrogen 
required per meter 
Length of 
freeze zone,  
Total liquid 
nitrogen 
required 
Time 
required 
for 
freezing, 
v0 VLN Lt VLN · Lt t 
(°C) (kL/m) (m) (kL) (days) 
CREC, South Carolina 26 8.2 2.3 19 12 
Mildred Lake Settling Basin (MLSB), Alberta 12 to 22 6.5 to 8.7 10 65 to 87 12 to 16 
KIDD 2, British Columbia 8.5 5.8 5 29 11 
Massey Tunnel, British Columbia 8.5 5.8 5 29 11 
Syncrude Canada Ltd. (SCL), Alberta 35 12 4 50 22 
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Table 3.2 Properties estimated for Equations 3.1, 3.2, 3.3, 3.4, 3.5 and 3.6. 
Term Estimated Value Notes: 
R = 1.0 m at final frozen radius 
ρ = 1760 kg/m3 based on shear wave velocity measurements by Boller(2008) 
w = 27 % based on split spoon samples by Boller (2008) 
ρd = 1385.827 kg/m
3
   
L' = 334 kJ/kg   
L = 124974 kJ/m
3
      (     )  Andersland and Ladanyi (2004) 
aR = 3   typically assumed (Hoffman 2000) 
Cw =  4187 kJ/m
3
°K   
Cu =  2611 kJ/m
3
°K Eqn 3.2,  Farouki (1986) 
G.W. 
Temp 
24 °C based on historic ground water temperature data for 
Charleston (NOAA 2011) 
v0 = 26 K 
difference between G.W. Temp and estimated freezing point 
of saline water (-2 C) anticipated in coastal South Carolina 
Cf = 1828 kJ/m
3
°K Eqn 3.3,  Farouki (1986) 
vs = 194 K 
difference between temperature of liquid nitrogen (-196 C) 
and freezing point of saline water (-2 C) 
r0 = 0.025 m chosen based on typical values found in the literature 
LI = 403051.3 kJ/m
3
 Calculated with Eqn 3.6 
kf = 0.00343 kJ/msK Estimated from chart in Farouki (1986) 
LLN = 199.1 kJ/kg physical property of liquid nitrogen 
ρLN = 808 kg/m3 physical property of liquid nitrogen 
Target 
Length 
2.3 m 
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Figure 3.4 Theoretical growth of the frozen zone and consumption of liquid nitrogen 
with time. 
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3.3.3  Flow conditions 
Along with the moisture content and the salinity of the soil, the prevailing 
groundwater flow conditions (i.e., direction and rate) are of interest during ground 
freezing because they can each have a significant effect on the growth of the frozen zone. 
Equations 3.1 and 3.5 consider the no flow condition. Groundwater flow adds heat to the 
system causing the downstream side of the frozen zone to elongate and the upstream side 
to shorten in the direction of flow. If the flow rate is sufficiently high, pore water may be 
transported away from the freezing zone before it can change to ice, preventing the 
ground from freezing. For example, Hofmann (1997) found that soil in one sample hole 
located upstream of the central freeze pipe at the MLSB site did not freeze as predicted 
assuming no flow conditions. Hofmann (1997) estimated the critical flow rate to permit 
freezing with liquid nitrogen to be 5 m/day.  
At the CREC site, the hydraulic gradient is about 1/600 based on topographic data 
from the 7.5-minute St. John’s Island quadrangle. Assuming the upper limit for the 
hydraulic conductivity of fine sand is 0.001 mm/s, the flow rate was estimated to be 
0.015 m/day. Thus, the flow rate was predicted to be low enough for freezing of the pore 
water at CREC. 
3.3.4  Frost heave potential 
Frost heave, which would result in disturbance, can occur when the soil contains 
too much fines (particles < 0.075 mm), the overburden stress is too low, and/or the rate of
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cooling is too high. Davalia et al. (1992) found that sands with fines contents up to 18.7% 
and containing 4.2% clay size particles (<0.002 mm) can be frozen without disturbance. 
Yoshimi et al. (1978) studied the freezing behavior of three different sands in the 
laboratory and showed that besides soil type, overburden stress is the most influential 
factor during freezing.  They found that <0.1% volumetric strain occurred during freezing 
of Tonegawa sand, and no volumetric strain occurred during freezing of Niigata and 
Toyoura sands when overburden streeses were > 9kPa (1.3 psi). The results presented by 
Yoshimi et al. (1978) also showed that there is a dependency of frost heave on the rate of 
cooling.  Konrad (1990) found that no volumetric strain occurred in Ottawa sand for a 
rate of cooling < 20 °C/hr with a confining stress >3.5 kPa. 
Within the target freeze zone at the CREC site, the fines content is < 5% (Boller 
2008) and the effective overburden stress varies between about 34 kPa to 68 kPa (5 psi to 
10 psi). These values of fines content and confining stress indicate a low susceptibility 
for frost heave. The rate of freezing at a distance of 0.7 m from the center of the freeze 
pipe is estimated to be 0.2 °C/hr (= 26 °C ÷ 130 hrs), which is much less than 20 °C/hr. 
As a result, the potential for frost heave due to a high rate of cooling is also very low. 
3.4  Design and Construction 
The design of the ground freezing system was carefully considered to avoid soil 
disturbance in the area to be sampled. The details concerning freeze pipe design, 
sampling and temperature sensor layout, and field installation at CREC are discussed 
below. 
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3.4.1  Freeze pipe design 
As illustrated in Figure 3.5, the freeze pipe was designed to isolate a reservoir of 
liquid nitrogen between the depths of 1.5 and 3.8 m below the ground surface. The freeze 
pipe was fabricated with a 5-m long, 51-mm diameter steel pipe to allow the pipe to 
extend into the ground 3.8 m and to stickup out of the ground 1.2 m. A circular metal 
plate was welded 2.3 m from the bottom to create the 2.3-m long reservoir for liquid 
nitrogen. Copper inlet and outlet pipes were fitted through holes in the welded plate. 
Silicone caulk was placed in the 20-mm section above the welded plate to seal any holes 
between the copper pipes and the welded plate, and between the welded plate and the 
wall of the freeze pipe. However, the caulk did not perform as expected and the portion 
of the pipe above the seal was subsequently filled to the top with cement grout. 
The bottom tip of the 19-mm inlet pipe extended about 15-mm below the bottom 
tip of the 13-mm outlet pipe, and was perforated to allow liquid nitrogen to shower the 
wall of the freeze pipe and to promote uniform freezing throughout the target length. A 
photograph of the freeze pipe inlet and outlet is presented as Figure 3.6. This design 
detail was different from the initial freeze pipe design described by Hofmann (1997), who 
found that when the inlet pipe extended to the bottom of the freeze pipe more soil was 
frozen near the bottom and less was frozen near the top. One downside of freezing a 
narrow top zone and wide bottom zone is that during coring, the core barrel can be drawn 
into the softer unfrozen soil if the width of frozen soil near the top is insufficient, 
preventing retrieval of the frozen soil. 
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Figure 3.5 As built drawing of the freeze pipe. 
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Figure 3.6 Photograph of the freeze pipe inlet and outlet. 
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Biggar and Sego (1996) described a second freeze pipe designed to promote more 
uniform freezing than the freezing sites described by Hofmann (1997). The second design 
had two inlet pipes, one extending to the middle of the freeze zone and the other 
extending to the bottom of the freeze zone.  The nitrogen supply was switched back and  
forth between the two inlet pipes during freezing. Both inlet pipes were perforated 
throughout their lengths to shower the freeze pipe wall with liquid nitrogen. Biggar and 
Sego (1996) found that the inlet pipe extending to the middle of the freeze zone froze the 
target zone more uniformly, presumably because the liquid nitrogen was sprayed out onto 
the wall of the freeze pipe and  flowed to the bottom of the freeze pipe before converting 
to nitrogen gas. For this reason, the outlet pipe at CREC was designed to spray out at the 
top of the freeze zone. 
A back pressure valve provided by the liquid nitrogen supplier was attached to the 
vent pipe to safely control the flow of liquid nitrogen through the system. Not shown in 
Figure 3.5 is a flexible, metal hose also provided by the liquid nitrogen supplier that was 
attached to the copper vent pipe near the back pressure valve and extended to the ground 
surface about 3 m away to allow safe discharge of the nitrogen gas (at temperatures of -
135 to -185 °C)  exiting the system. 
3.4.2  Sampling and temperature sensor layout 
Illustrated in Figure 3.7 is the layout of sample holes and temperature sensors, 
herein called thermistor probes. Five equally-spaced locations 0.65 to 0.7 m away from 
the center of the freeze pipe were selected for frozen core samples. These five locations 
are designated S1-S5 in Figure 3.7. The 0.65 to 0.7 m distance between the freeze pipe 
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and the sample holes provided a distance greater than 12 times the freeze pipe diameter 
of 51 mm. The entire area of each sample hole was kept within the 1 m frozen zone 
envisioned after 13 days. 
Seven thermistor probe locations are shown in Figure 3.7. Next to each of the five 
sample holes S1-S5, a single thermistor probe inside a 12.7-mm diameter PVC pipe was 
lowered to a depth of 1.8 m to monitor temperature at the top of each sampling location. 
At each of the locations T1 and T2, three thermistor probes held in place by foam 
insulation in a 32-mm diameter, 4.1-m long PVC pipe were installed to monitor 
temperatures at depths of 2, 3, and 4 m. A photograph of two fully assembled thermistor 
probes ready for installation is presented in Figure 3.8.  
The temperature sensors used were Geokon 3800 thermistors. The Geokon 3800 
thermistors measure temperatures between -30 °C and 120 °C to within 0.5 °C. The 
thermistors were housed in PVC and preconnected to a cable as shown in Figure 3.9. 
Temperature measurements were displayed on a readout box with clamps to attach to a 
free end of the thermistor cable. 
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Figure 3.7 Plan view of the freezing and sampling layout. 
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Figure 3.8 Photograph of two fully assembled thermistor probes. 
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Figure 3.9 Photograph of the Geokon 3800 thermistor. 
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3.4.3  Field installation 
Installation of the ground freezing system began on July 26, 2011. A drill rig was 
used to mud-rotary drill three 76-mm holes for the central freeze pipe and the two 
thermistor probe boreholes T1 and T2. A photograph of two drill rig operators  in the 
process of mud-rotary drilling a borehole is presented in Figure 3.10. After drilling to 3.8 
m below the ground surface for the central freeze pipe and to 4 m below the ground 
surface for the thermistor probe boreholes, the drilling fluid was replaced with grout. The 
freeze pipe and the temperature sensor pipes were then lowered to the bottom of the 
boreholes, displacing any excess grout. A photograph of the central freeze pipe being 
lowered into a grout filled hole is presented in Figure 3.11. While the grout cured, the 
pipes were weighed down to prevent them from floating upwards. 
The sample holes S1 – S5 were next prepared by augering 216-mm diameter 
holes to a depth of 1.8 m, which was the top of the target freeze zone. The auger was 
pulled from the hole and 140-mm diameter PVC casings and thermistor probes were 
lowered to the bottom of the holes. The stability of the holes had previously been 
assessed at the test location TA1 shown to ensure the augered holes would not collapse 
when the drill rod was removed. Bentonite pellets were dropped to fill the bottom of each 
140-mm diameter PVC casing to prevent water from seeping in. Finally, the empty space 
between the PVC casing and the soil wall was filled to the top with grout, cementing the 
casing and the thermistor probe in place. These pipes were also weighed down while the 
grout cured.  
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Presented in Figure 3.12 is a photograph of the ground freezing system after 
installation was complete. As shown in Figure 3.12, the freeze pipe inlet was connected 
to a refillable liquid nitrogen tank with flexible hosing. A photograph of the refillable 
liquid nitrogen tank is presented in Figure 3.13 
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Figure 3.10 Photograph of two drill rig operators  mud-rotary drilling a borehole for a 
thermistor probe. 
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Figure 3.11 Photograph of drill rig operators placing the freeze pipe in a grout filed 
hole. 
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Figure 3.12 Photograph of the ground freezing layout. 
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Figure 3.13 Photograph of the liquid nitrogen tank at the CREC site. 
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3.5  Summary 
The design and installation of a ground freezing system at the Coastal Research 
and Education Center near Charleston, South Carolina has been described in this chapter. 
At the site, a 2 m thick stratum of clean sand was identified and targeted for ground 
freezing. Consideration of the coolant requirements indicated that approximately 19 kL of 
liquid nitrogen would be required for freezing a column of sand with a radius of 1 m at 
the site. The time required for freezing was estimated to be 12 days. An evaluation of the 
frost heave potential of the clean sands of CREC was conducted and indicates that there 
is little to no frost heave potential in the target layer between 1.8 m and 3.8 m below the 
ground surface. 
Installation of the ground freezing system was also described. The first 
components were installed by mud rotary drilling three holes, one for the central freeze 
pipe and two for thermistor probes, and lowering the components into the mud filled 
holes. Five holes were created at the sampling locations by augering to the top of the 
targeted freezing layer. The holes were cased with PVC and sealed with bentonite to 
prevent seepage. The central freeze pipe was attached to the liquid nitrogen truck with 
flexible hosing at the inlet. The freeze pipe outlet was equipped with a back pressure 
valve and flexible hosing to allow safe discharge of the nitrogen gas. Results of the 
ground freezing system are presented in the following chapter. 
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CHAPTER 4 
RESULTS OF GROUND FREEZING AND SAMPLING* 
 
 
4.1 Introduction 
This chapter presents the results of the ground freezing system installed at the 
CREC site near Charleston, SC. Temperatures recorded during ground freezing are 
summarized in this chapter. Also summarized  in this chapter is a comparison between 
the actual and predicted amount of time and liquid nitrogen required to freeze a 
sufficiently large column of frozen ground for sampling. Temperatures measurements are 
used to estimate the shape and growth of the frozen zone throughout freezing Finally, 
procedures used during sampling and handling of frozen core are presented. 
4.2  Monitoring ground freezing 
On August 5, 2011 the liquid nitrogen tank operator set the tank pressure at 140 
kPa (20 psi) and opened the valve at the tank to allow liquid nitrogen to flow into the 
ground freezing system. Throughout the duration of ground freezing, temperature 
readings at each thermistor and at the outlet of the freeze pipe were recorded 3 to 4 times 
a day. The level of liquid nitrogen in the tank in inches was also recorded, a photograph 
of the tank level readout dial is presented in Figure 4.1. A table containing the 
temperature measurements, level of liquid nitrogen in the tank, and other information 
collected during freezing is presented in Appendix B. Because there was no available  
     
*A similar form of Chapters 3 and 4 has been submitted to ASCE Journal of Geotechnical and 
Geoenvironmental Engineering for possible publication; Esposito, M. P. III, Andrus, R.D., and Camp, 
W.M. III (2013). “Ground Freezing and Sampling of a Pleistocene Sand near Charleston, South Carolina.” 
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Figure 4.1 Readout dial for height of liquid nitrogen in the liquid nitrogen tank. 
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information relating the height of liquid nitrogen in the tank to the volume of liquid 
nitrogen in the tank, the volume was estimated assuming the tank was a right circular 
cylinder. The conversion of height in the liquid nitrogen tank to tank volume is 
summarized in Appendix C. 
4.2.1  Ground temperatures 
Shown in Figure 4.2 are ground temperatures measured at S1-S5, T1, and T2. 
Initial ground temperatures averaged 24 °C at a depth of 2 m and 20 °C at a depth of 4 m 
below the ground surface. The above ground temperature ranged from about 23 to 37 °C 
during ground freezing. Under the tank pressure of 140 kPa, temperatures began to 
gradually fall at the thermistor locations. As indicated in Figure 4.2(a), temperatures had 
dropped about 8 °C by the 75-hr mark in the S1-S5 thermistor locations. Meanwhile 
temperatures in T1 and T2 had not changed, likely because they were farther from the 
copper inlet pipe opening. Temperatures of the nitrogen gas at the outlet were no colder 
than -120 °C during the initial 75 hours. Based on these observations, it seemed unlikely 
that liquid nitrogen was completely filling the freeze pipe reservoir. 
 Due to concerns that ground freezing would take too long if the freeze pipe was 
not completely filled with liquid nitrogen, the liquid nitrogen tank pressure was increased 
to 415 kPa (60 psi) and the back pressure valve was opened wider to force the liquid/gas 
nitrogen interface to the outlet at about t = 78 hrs. After these modifications to the 
system, temperatures at the thermistor probes began to fall more rapidly, and surges of 
liquid nitrogen with temperatures of about -170 °C  were observed at the outlet to the  
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Figure 4.2 Ground temperatures during freezing at (a) sample holes S1-S5, (b) 
thermistor hole T1, and (c) thermistor hole T2. 
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freeze pipe system. A photograph of the liquid nitrogen outlet with visible liquid nitrogen 
is presented in Figure 4.3.  
In addition to the noticeable temperature changes occurring at t = 78, which were 
discussed above, three other times are of note.  Three noticeable changes in the rate of 
temperature decrease depicted in Figure 4.2(a) occurred at approximately t = 140, 190, 
and 240 hrs, which are times when the liquid nitrogen tank was empty or nearly empty 
for 6-12 hours. During each of these periods when the liquid nitrogen tank was low, 
ground temperatures did not change or increased. The temperature data shown in Figure 
4.1(c) indicate that locations 1 m from the central freeze pipe were not influenced by 
these short periods when the liquid nitrogen tank was empty. 
At t = 270 hrs (12 days), the temperatures at S1-S5 indicated frozen soil at a depth 
of 1.8 m, whereas the temperatures at T1 indicated frozen ground to at least a depth of 3 
m and the temperatures at T2 were above freezing. It was assumed that the frozen-
unfrozen soil interface was somewhere between radii of 0.7 and 1 m at depths < 3 m and 
close to a radius of 0.7 m for depths between 3 and 3.8 m which provided the justification 
to commence coring on August 16, 2011.  
4.2.2  Liquid nitrogen consumption 
Presented in Figure 4.4 are plots of the actual liquid nitrogen consumption with 
time and the predicted liquid nitrogen consumption with time based on Equation 3.4. The 
actual liquid nitrogen consumed during ground freezing follows Equation 3.4 well for the 
first 78 hrs, but diverges from the predicted values significantly around the 78-hr mark. 
From the 78-hr mark liquid nitrogen was forced through the system at a much higher rate  
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Figure 4.3 Photograph of the ground freezing system outlet with visible surge of 
liquid nitrogen. 
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Figure 4.4 Predicted and actual liquid nitrogen consumption during freezing. 
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than predicted by Equation 3.4. When coring took place at t = 270 hrs, five tanks of liquid 
nitrogen with a total volume of around 46 kL had been used. Substituting t = 270 into 
Equation 3.4 predicts a liquid nitrogen requirement of only 18 kL. Because the liquid 
nitrogen required from Equation 3.4 is based on the required amount of heat energy 
extracted from the soil, it is clear that heat energy extraction potential of the liquid 
nitrogen was sacrificed to ensure the freeze pipe was full. 
4.2.3  Growth of the frozen zone 
Shown in Figure 4.5 are data points representing the times at which the 
temperatures reached 0° C at the thermistor locations. The time to reach a temperature of 
0 °C is shortest at a depth of 1.8 m (S1-S5) and longest at a depth of 3 m (T1-3m). At a 
depth of 4 m (T1-4m), the temperature never reaches zero. These observations indicate 
that the freezing occurred more rapidly near the perforated tip of the copper inlet pipe. 
Also noticeable in Figure 4.5 is a slight variation among data points for locations S1-S5, 
which were installed at the same depth but were not all the same exact distance from the 
freeze pipe.  
The predicted growth of the frozen radius with time is also shown in Figure 4.5 by 
the solid curve. The predicted growth of the frozen radius is based on Equation 3.3. 
Equation 3.3 seems to predict the extent of the frozen zone well for the samples holes S1-
S5 at a depth of 1.8 m, but not for thermistor probes located at depths of 2 and 3 m in T1, 
which were farther away from the perforated tip of the copper inlet pipe.  
The dashed curves shown in Figure 4.5 were back-calculated with temperature 
measurements and the following equations (Sanger and Sayles 1979): 
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in(   ⁄ )
in(   ⁄ )                         for                                                       .1 
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in(  )
ln(   ⁄ )                             for                                                 .2 
where v1 is the temperature at a radius r1 inside the frozen column of soil; and v2 is the 
temperature at a radius r2 outside the frozen region. The theoretical variation of ground 
temperatures based on equations 4.1 and 4.2 is shown in Figure 4.6. In Figure 4.6 the 
ordinate represents the temperature and the abscissa represents the radial distance from 
the central freeze pipe. As indicated in Figure 4.6, the temperature varies from vs at a 
radius of r0, to the ambient ground temperature, v0 ar a distance of are Equations 4.1 and 
4.2 were used to estimate R  given the temperature (v1 or v2) at a known distance (r1 or r2) 
from the freeze pipe for thermistors located at four different depths in the soil profile. 
Since all thermistors were more than 0.65 m away from the freeze pipe, no estimated 
values of R less than 0.24 m are shown because the thermistor probes are located outside 
the assumed radius of influence (i.e., ar = 3). Tabulated estimates of the frozen zone 
using Equations 4.1 and 4.2 are presented in Appendix D. 
As can be seen in Figure 4.3, the growth of the frozen radius based on Equations 
4.1 and 4.2 lag behind  the growth of the frozen radius based on Equation 4.5 during the 
first 75-100 hours of freezing. Thereafter, the frozen zone grew at a much higher rate 
than in the first 75-100 hours with radius decreasing with depth. This observation 
suggests that the increased pressure at the liquid nitrogen tank was more effective for 
keeping the freeze pipe filled with liquid nitrogen. At the time of coring (t = 270 hrs), the  
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Figure 4.5 Growth of the frozen radius with time. 
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Figure 4.6 Variation of ground temperatures with distance from a single freeze pipe 
(Sanger and Sayles, 1979). 
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estimated radius of the frozen zone varied from an average of 0.9 m at a depth of 1.8 m to 
0.5 m at a depth of 4 m below the ground surface. Thus, it is believed that the actual 
frozen zone was tapered towards the bottom. In hindsight, a frozen zone with a wider top 
and narrower bottom ensures that coring begins in the frozen soil and the core sample 
barrel does not get drawn into softer, unfrozen soil. 
The estimated values shown in Figure 4.5 for the frozen radius at t = 270 hrs can 
be used to draw the final shape of the frozen zone. In Figure 4.7, the shape of the frozen 
zone is represented by three solid curves corresponding to depths of 2, 3, and 4 m. The 
shape of the curve at a depth of 2 m was estimated by simply drawing a smooth curve 
through the estimates of R obtained at each thermistor location. The shape of the curve at 
a depth of 2 m is used to define the shape of the curves at 3 and 4 m because only one 
estimate of R was available for these depths. The dashed circle with R = 0.95 m in Figure 
4.7 indicates the predicted size of the frozen zone at 270 hrs based on Equation 4.5. 
Figure 4.7 shows that the solid curves fully encompass the sampling array to a depth of 
about 3 m but fall short of the sampling locations at a depth of 4 m, especially at S1 and 
S3.  
As illustrated in Figure 4.7, the frozen zone is elongated in the direction of S2, S4, 
and S5. The noncircular shape of the frozen zone is likely the result of groundwater flow 
in a direction similar to the general ground slope at the site.  
4.2.4 Comparison of theoretical and actual growth of the frozen zone 
The plots presented in Figures 4.5 and 4.7 indicate that Equation 4.5 overpredicts 
the size of the frozen zone that was estimated with Equations 4.1 and 4.2. One possible  
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Figure 4.7 Plan view of the estimated shape of the frozen zone. 
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explanation for the difference in the predicted and the estimated frozen zones  is the 
downtime associated with a low to empty liquid nitrogen tank on three occasions.  If the 
total downtime of 24 hrs is subtracted from 270 hrs, the radius of the predicted frozen 
zone using Equation 4.3 is reduced to 0.9 m. A frozen zone of 0.9 m, however, is still 
significantly higher than the 0.5 m radius estimated at a depth of 4 m.  
One explanation for the difference in predicted and actual behavior of the freezing 
system is that the modified inlet pipe with a perforated tip at the top of the target freeze 
zone had difficulty maintaining -196 °C liquid nitrogen at the bottom of the freeze pipe, 
perhaps because the liquid nitrogen partially changed phase to gas before flowing down 
to the bottom. Another reason is that the thermistors T1 and T2,  at a depth of 4 m, are 0.2 
m deeper than the freeze pipe tip at 3.8 m. Evidence has shown that the frozen zone 
during ground freezing is actually bulb shaped rather than cylindrical as was assumed 
(Hofmann 1997). So the frozen radius would not be expected to be very large 0.2 m 
below the target freeze zone. 
4.3  Sampling and handling 
An ice core sampling auger developed by the Cold Regions Research and 
Engineering Laboratory (CRREL)  was used to obtain 76-mm (3-in) diameter frozen sand 
cores. This particular sampler, commonly called the CRREL core barrel has an outside 
diameter of 111 mm (4.375 in) and is 1 m in length. The cutting head has adjustable 
tungsten carbide inserts (Rand and Mellor 1985).  A photograph of the CRREL core 
barrel is presented in Figure 4.8. Another photograph of the CRREL core barrel with a 
frozen sample is shown in Figure 4.9. 
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Care was taken during sampling and handling to minimize any disturbance. 
Initially the CRREL core barrel was placed near the ground freezing outlet pipe and 
allowed to cool to subzero temperatures to avoid thawing the frozen ground as it was 
advanced through the soil. In each sample hole, the first core run was generally of poor 
quality and was assumed to be disturbed during predrilling and casing of the hole. In 
some instances during sampling, cuttings would fall back in the hole and need to be 
vacuumed out before proceeding with sampling. Core runs were limited to about 400 to 
460-mm (16 to 18 in) to avoid breakages. On some occasions, even these short runs 
broke the sample into two pieces. 
 
 
Figure 4.8 Photograph of the CRREL 3-inch ice auger (Rand and Mellor 1985). 
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Figure 4.9 Removal of a frozen sample from the CRREL Core Barrel. (Photograph 
taken by Billy Camp). 
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At all sample locations, except S3, cores of frozen sand in excellent condition 
were retrieved between depths of 1.8 m and 3.8 m. In sample hole S3 however, unfrozen 
soil was encountered during coring between depths of 3.2-3.8 m, and water was observed 
at the bottom of the hole which agrees with the estimates of the size of the frozen zone 
based on temperature measurements. No unfrozen soil however, was present in sample 
hole S1, even though estimates from temperature measurements at S1 suggest the bottom 
of the hole was not frozen throughout the target zone, but this could be due to differences 
in shape of the frozen zone with depth, contrary to what was assumed. A total length of 8 
m of 76-mm diameter frozen sample cores was obtained. Figure 4.10 illustrates the 
location, depth, and length of cores extracted from S1-S5. 
After each core run, the core barrel was detached from the drill rig and set down 
on a flat surface until a thin layer of the frozen soil had melted and the sample could be 
extruded onto a plastic tray. The length of the sample was measured, labeled, and then 
immediately placed in a cooler filled with dry ice. After allowing the sample to harden in 
the cooler, the sample was slipped into a mylar bag to prevent sublimation of the pore ice. 
The samples were then transported to a refrigerated room and placed in a chest freezer.  
A day after sampling, the samples were prepared for transportation by wrapping 
them in bubble wrap, slipping them into short PVC tube sections, and sealing the ends. 
The samples were transported back to Clemson University and the University of South 
Carolina in coolers filled with dry ice. At the laboratories, the frozen samples were put in 
chest freezers until needed for laboratory testing. High quality static triaxial and cyclic 
triaxial tests are planned for the samples. 
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Figure 4.10 Core log with location, depth, and length of frozen cores retrieved during 
sampling. In total, 8 m of core were retrieved. 
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4.4  Cost 
The total cost for the implementation of the ground freezing program was 
approximately $32,000 USD.  This total includes all instrumentation, materials, labor and 
equipment necessary to install and operate the ground freezing system, and to obtain the 
frozen samples.  The cost of the nitrogen (approximately $19,000) was by far the largest 
cost item.  The total does not include the engineering oversight, planning or analytical 
effort.   
As noted, a total of 8 m of frozen sample was obtained so the unit sampling cost 
was $4,000/m. Hofmann et al. 2000 reported unit sampling cost of $2,400/m to $4,700/m 
for the CANLEX ground freezing efforts.  While the CREC unit costs are near the upper 
end of the CANLEX values, the CANLEX values have not been adjusted for nearly 20 
years of inflation. 
4.5 Conclusions 
The ground freezing system installed at CREC was used to isolate a 2 m thick 
stratum of sand, 1.8 m below the ground surface. A total length of 8 m of intact frozen 
core with no indication of frost heave was recovered during sampling. 
  The heat energy equations by Sanger and Sayles (1979) for a single freeze pipe 
were used to predict the time and amount of liquid nitrogen required for freezing a 
column of sand. The predicted radius of the frozen zone after 12 days showed good 
agreement with the estimated extent of the frozen zone near the liquid nitrogen inlet at 
depths of 1.8-2 m, but overpredicted the size of the frozen zone at depths of 3 and 4 m 
below the ground surface. Although the liquid nitrogen inlet was perforated to coat the 
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freeze pipe wall with liquid nitrogen, it is likely that the liquid nitrogen vaporized too 
quickly and did not completely fill the freeze pipe. The estimated frozen zone at the time 
of sampling was also elongated in a direction similar to the general ground slope, 
indicating that groundwater flow affected the shape of the frozen zone. 
  The amount of liquid nitrogen required for ground freezing exceeded the amount 
predicted with the heat energy equations by Sanger and Sayles (1979). Under higher 
pressure and a partially open back pressure valve, more rapid freezing was achieved 
throughout the frozen zone. A mixture of gas and liquid nitrogen seen at the outlet pipe 
indicated that liquid nitrogen was filling the freeze pipe. The results show that the heat 
extraction equations predict the freezing process well when the freeze pipe is 
continuously filled with liquid nitrogen. 
The results of ground freezing and sampling at CREC show that the procedures of 
Sego et al. (1994) and Hofmann (1997)  used in Canada can be implemented to obtain 
high quality samples of intact sand specimens in South Carolina. Modifications to the 
freeze pipe design of previous researchers did not prevent non-uniform freezing. 
However in hindsight, it is more desirable to have a wider frozen zone at the top because 
coring starts in the hard frozen soil. If coring starts in soft unfrozen soil, the barrel tends 
to be drawn into soil with less resistance and can miss the frozen soil. Investigation of the 
ideal location and design of the freeze pipe inlet could result in more efficient use of 
liquid nitrogen in future ground freezing experiments, making the procedure more 
reliable 
. 
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CHAPTER 5 
SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS  
 
 
5.1 Summary and conclusions  
A  ground freezing system was designed and implemented to sample a Pleistocene 
aged sand deposit at the Coastal Research and Education Center near Charleston, South 
Carolina as part of a research project to characterize the static and dynamic behavior of 
aged sands from the South Carolina Coastal Plain (SCCP). A 2-m thick stratum of clean 
sand estimated to be 100,000 years old was identified and selected at the CREC site 
between depths of 1.8 m and 3.8 m below the ground surface. A steel freeze pipe 51 mm 
in diameter was fabricated to make a 2.3 m long reservoir at the bottom which was 
continuously supplied with liquid nitrogen for 12 days until the sand had frozen radially 
to allow sampling at five locations 0.65 to 0.7 m away from the central freeze pipe. In 
total, a length of core equal to 8 m was retrieved during sampling, which will be used in 
the future for high quality static and cyclic triaxial tests. 
 Computation of the heat extraction requirements was conducted to determine the 
amount of time and liquid nitrogen required to freeze a column of soil 1 m in radius in the 
target zone. Results of ground freezing showed that the predictive equations estimate the 
time required for ground freezing well when the freeze pipe is completely filled with 
liquid nitrogen. Much more liquid nitrogen was used during ground freezing than was 
expected, however it is unclear if the liquid nitrogen was fully utilized to extract heat 
energy during ground freezing. 
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 Ground temperatures at each sampling location and in two non-sampling locations 
were monitored to determine when the ground had frozen at each location. Based on 
temperatures measured at depths of 2, 3, and 4 m the frozen zone was non uniformly 
frozen. The actual frozen zone had a greater radius near the top of the frozen zone, where 
the influent liquid nitrogen was discharged, and a smaller radius near the bottom of the 
frozen zone. Although it was expected that the liquid nitrogen would uniformly freeze the 
surrounding soil if it entered the freeze pipe reservoir near the top and ran down the 
freeze pipe walls, the frozen zone appears to grow the fastest wherever the liquid nitrogen 
inlet is located. The observations of Hofmann et al. (2000) showed that this was the case 
when the liquid nitrogen inlet was positioned near the bottom of the freeze pipe reservoir. 
 The theoretical volume of liquid nitrogen required to freeze the soil at CREC 
based on heat energy extraction requirements was exceeded during ground freezing. 
There are two possible reasons why more liquid nitrogen was required. First, the 
predicted heat energy extraction requirement might have been too low or the thermal 
properties of the soil might have been too high. In that case more liquid nitrogen would 
have been required to freeze the same volume of soil or the expected freezing time would 
have been greater. Secondly, because liquid nitrogen was pushed through the freezing 
system at high pressure to the point that it was visible at the outlet of the freezing system, 
the liquid nitrogen was vented before completely changing phase to gas. For that reason, 
the heat required to change the phase of the liquid nitrogen to gaseous nitrogen was not 
completely utilized. To lessen the steep costs of ground freezing and sampling the use of 
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liquid nitrogen needs to be controlled so that liquid nitrogen completely changes phase 
before venting to the atmosphere.  
5.2 Recommendations for future work 
Efforts to conduct ground freezing and sampling in the future would benefit from 
an investigation on the ideal pressure and flow rate at which coolant is being supplied to 
the freeze pipe. Furthermore, to know where the phase change interface of liquid to 
gaseous nitrogen is, temperature monitoring devices should be installed in (or just 
outside) the central freeze pipe, or on the outside of the freeze pipe. One possibility is to 
install a resistance temperature device during fabrication at the top and bottom of the 
freeze pipe and run a sufficient length of wire through the outlet pipe so that temperatures 
can be monitored at a safe distance from the vent pipe. Having temperature measuring 
devices in or on the  freeze pipe allows the operators to know where liquid and gaseous 
nitrogen exist in the system. Therefore, a decision can be made as to whether liquid 
nitrogen is changing phase to gas before venting into the atmosphere. 
More effort is also needed to develop a method to uniformly deliver liquid 
nitrogen to the freeze pipe during ground freezing. In this research, sampling was limited 
at one location (S3; see Figure 4.10) because the frozen zone was narrower towards the 
bottom of the freeze zone. Results from CREC and previous research shows that growth 
of the frozen zone will occur most rapidly wherever the liquid nitrogen inlet is located.  
A comparison of previously implemented inlet types is presented in Figure 5.1. 
Types (a) – (c) were used during the CANLEX project whereas type (d) was used in this 
research. Hofmann et al. (2000) remarked that inlet types (a) and (c) resulted in 
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preferential freezing near the bottom of the target freeze zone. Hofmann et al. (2000) 
reported that inlet type (b) reduced, but did not eliminate preferential freezing. As 
described in this research, type (d) resulted in preferential freezing near the top of the 
target freeze zone. One benefit of freezing with a wider top and narrower bottom is that 
coring begins in the frozen soil and the core sample barrel does not get drawn into softer, 
unfrozen soil. To achieve more uniform freezing in the future, an inlet pipe extending to 
the bottom of the freeze zone with perforations down its length could be investigated. 
Another possibility would be increasing the size of the inlet pipe so that liquid nitrogen is 
not ejected under high pressure into the freeze pipe. Doing so might allow the liquid 
nitrogen in the freeze pipe to be maintained at a constant level. 
 The effect of groundwater flow on the shape of the frozen zone appeared to be 
fairly significant based on the estimated shape of the frozen zone (Figure 4.4), even 
though the magnitude of groundwater flow estimated from topographic data and 
assuming the phreatic surface is parallel to the ground slope was very small. It is 
recommended for future ground freezing applications to have a more accurate estimate of 
the direction and magnitude of groundwater flow using three stand pipes. 
 As part of my future research, initial triaxial testing of frozen samples and 
reconstituted samples will be performed to determine the shear strength and stress-strain 
properties of an aged sand from the South Carolina Coastal Plain. These data and 
additional data from other sites in the South Carolina Coastal Plain will be used to 
quantify the effect of age on the shear strength of sand. 
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Figure 5.1 Comparison of inlet types and locations used in ground freezing and 
sampling.– (a) inlet at bottom, (b) perforated inlet at middle, (c) perforated 
inlet near bottom and (d) perforated inlet near top. 
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Appendix A: Tabulated estimates of heat extraction requirements for ground freezing 
 
Presented in Table A.1 are estimates of the total time, total heat extraction, and 
total volume of liquid nitrogen required for ground freezing at the CREC site using 
Equations 3.5, 3.1, and 3.4, respectively. The values in Table A.1 were determined by 
solving the respective equations at different radii up to the design radius of 1 m. 
 
 
 
 
 
 
 
  
 
8
3
 
Table  A.1 Tabulated estimates of the volume of liquid nitrogen required and time required for ground freezing. 
 
R 
in(R/r0) 
t (Eqn 3.5) Q (Eqn 3.1) LN2 Required (Eqn 3.4) LN2 Required 
LN2 
Required x 
Target 
Length 
(m) (hr) (kJ/m) (kg/m) (liters/m) (liters) 
0.025 0 0 0 0 0 0 
0.05 0.69 0.13 4932 25 31 71 
0.1 1.39 1.12 15709 79 98 225 
0.15 1.79 3.28 33300 167 207 476 
0.2 2.08 6.80 57480 289 357 822 
0.25 2.30 11.79 88191 443 548 1261 
0.3 2.48 18.36 125397 630 779 1793 
0.35 2.64 26.58 169076 849 1051 2417 
0.4 2.77 36.51 219207 1101 1363 3134 
0.45 2.89 48.21 275777 1385 1714 3943 
0.5 3.00 61.74 338771 1702 2106 4843 
0.55 3.09 77.13 408178 2050 2537 5836 
0.6 3.18 94.43 483990 2431 3009 6920 
0.65 3.26 113.67 566197 2844 3520 8095 
0.7 3.33 134.88 654791 3289 4070 9362 
0.75 3.40 158.10 749766 3766 4661 10719 
0.8 3.47 183.36 851115 4275 5291 12168 
0.85 3.53 210.68 958833 4816 5960 13708 
0.9 3.58 240.09 1072914 5389 6669 15339 
0.95 3.64 271.62 1193354 5994 7418 17061 
1 3.69 305.27 1320146 6631 8206 18874 
 84 
 
Appendix B: Data recorded during ground freezing 
 
Presented in Table B.1 are the ground temperatures measured at all thermistor 
locations for the duration of ground freezing. Also presented are the air temperatures 
measured in the shade and the temperatures measured at the freeze pipe outlet during 
ground freezing. The liquid nitrogen level measured in inches is also presented. The 
observed thickness of ice coating the inlet and outlet hoses was also recorded as shown in 
Table B.1. Finally, notes taken during ground freezing are summarized in Table B.1. 
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Table  B.1 Data recorded during ground freezing. 
 
 Date 8/2/2011 8/5/2011 8/5/2011 8/5/2011 8/5/2011 8/6/2011 8/6/2011 
 
Time 11:57AM 8:35AM 11:10AM 4:00PM 8:00PM 6:00AM 11:30AM 
 
Time (hrs) — — 0.5 5.5 9.5 19.5 25 
T
h
er
m
is
to
r
 
S1 [deg C] 24.2 24.4 24.3 24.3 24.1 22.6 22.1 
S2 [deg C] 24.4 24.4 24.4 24.4 23.9 21.5 20.9 
S3 [deg C] 24.2 24.2 24.2 24.3 24 22.3 21.6 
S4 [deg C] 24.3 24.3 24.3 24.3 23.8 21.3 20.6 
S5 [deg C] 24.2 24.2 24.2 24.2 23.9 21.9 21.3 
T1-1 (2m) [deg C] 23.8 23.8 23.8 23.8 23.8 23 22.5 
T1-2 (3m) [deg C] 21.5 21.5 21.5 21.5 21.5 21.3 21.2 
T1-3 (4m) [deg C] 20 20 20 20.1 20 19.8 19.6 
T2-1 (2m) [deg C] 24.1 24.1 24.1 24.1 24.1 24.1 24 
T2-2 (3m) [deg C] 21.4 21.4 21.4 21.4 21.4 21.4 21.4 
T2-3 (4m) [deg C] 19.8 19.8 19.8 19.9 19.9 19.9 19.8 
O
th
er
 C
o
n
d
it
io
n
s 
Air Temp in Shade [deg 
C] — — 32.7 32.6 28.3 25.6 33.2 
Temp Near Outlet [deg 
C] — — — -117 -115 -7 -17.5 
Liquid N2 Level [in] 40 40 40 38 37 35 34 
Thickness of Ice at Inlet — — — — — — — 
Thickness of Ice at 
Outlet — — — — — — — 
N
o
te
s 
This row explains any 
changes in the freezing 
system     
LN2 valve 
opened at 
10:40 on 
8/5/2011 
Tank 
pressure set 
to 20 psi       
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Table  B.1 (continued) Data recorded during ground freezing. 
 
 
Date 8/6/2011 8/7/2011 8/7/2011 8/7/2011 8/8/2011 8/8/2011 8/8/2011 
 
Time 7:00PM 6:00AM 1:00PM 7:00PM 6:00AM 1:00PM 7:00PM 
 
Time (hrs) 33.5 44.5 51.5 57.5 68.5 75.5 81.5 
T
h
er
m
is
to
r
 
S1 [deg C] 21.4 20.7 20.4 20.1 19 17.9 17 
S2 [deg C] 20 19.2 19 18.6 16.7 15.1 13.9 
S3 [deg C] 20.9 20.1 19.8 19.4 18.1 16.9 15.8 
S4 [deg C] 19.8 19.1 18.8 18.4 16.4 14.8 13.5 
S5 [deg C] 20.5 19.6 19.3 19.1 17.6 16.2 15.1 
T1-1 (2m) [deg C] 21.9 21.2 20.9 20.7 19.9 19.3 18.5 
T1-2 (3m) [deg C] 21.1 21 20.9 20.9 20.8 20.4 20 
T1-3 (4m) [deg C] 19.5 19.4 19.5 19.5 19.3 19.1 18.6 
T2-1 (2m) [deg C] 23.9 23.5 23.3 23.3 22.9 22.6 22.4 
T2-2 (3m) [deg C] 21.4 21.3 21.3 21.3 21.2 21.1 21 
T2-3 (4m) [deg C] 19.8 19.7 19.7 19.7 19.7 19.7 19.6 
O
th
er
 C
o
n
d
it
io
n
s 
Air Temp in Shade [deg 
C] 27.6 24.6 33.4 36.2 27.1 35.5 33.8 
Temp Near Outlet [deg 
C] -34.2 0 -15.5 -88.7 -95 -80 -120.8 
Liquid N2 Level [in] 32 30 29 27 23 20 15 
Thickness of Ice at Inlet — Very Thick Very Thick Very Thick Very Thick Very Thick Very Thick 
Thickness of Ice at 
Outlet — Very Thin Thick Thick Very Thick Very Thick Very Thick 
N
o
te
s 
This row explains any 
changes in the freezing 
system             
3:30 pm: 
Tank 
pressure set 
to 60 psi 
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Table  B.1 (continued) Data recorded during ground freezing. 
 
 
Date 8/9/2011 8/9/2011 8/9/2011 8/10/2011 8/10/2011 8/10/2011 8/11/2011 
 
Time 6:30AM 12:30AM 8:00PM 7:00AM 1:00PM 7:00PM 6:30AM 
 
Time (hrs) 92.5 98.5 106 117 123 129 140.5 
T
h
er
m
is
to
r
 
S1 [deg C] 14 12.7 11.5 8.5 6.6 4.8 1.1 
S2 [deg C] 9.9 8.8 7.4 3.8 1.7 -0.1 -4.7 
S3 [deg C] 12.6 11.3 10 6.8 4.8 3.3 -0.3 
S4 [deg C] 9.1 8 6.4 2.6 0.3 -2.2 -6.6 
S5 [deg C] 11.4 10.1 8.7 5.3 3.1 0.9 -3.2 
T1-1 (2m) [deg C] 16.4 15.1 13.8 11.4 9.7 8.6 5.4 
T1-2 (3m) [deg C] 19.2 18.3 17.2 15.4 13.9 12.6 9.9 
T1-3 (4m) [deg C] 17.5 16.9 16.3 15.1 14.3 13.6 12.3 
T2-1 (2m) [deg C] 21.8 21.4 20.8 19.8 19.3 18.7 17.3 
T2-2 (3m) [deg C] 20.8 20.6 20.3 19.7 19.3 19 17.9 
T2-3 (4m) [deg C] 19.3 19.4 19.1 18.7 18.4 18.2 17.5 
O
th
er
 C
o
n
d
it
io
n
s 
Air Temp in Shade 
[deg C] 25.4 35.1 31.6 23 35.7 27.9 24 
Temp Near Outlet [deg 
C] — -146.5 -150.3 -170.2 -165.3 -178.3 -83.5 
Liquid N2 Level [in] — 43 40 30 25 20 10 
Thickness of Ice at 
Inlet Thick/Melting Moderate Very Thick Very Thick Very Thick Very Thick Very Thick 
Thickness of Ice at 
Outlet Thin/None Thin Thick Thick Very Thick Very Thick Very Thick 
N
o
te
s 
This row explains any 
changes in the freezing 
system 
LN2 tank low 
to empty 
9:00 am: 
Tank refilled 
to 45"           
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Table  B.1  (continued) Data recorded during ground freezing. 
 
 
Date 8/11/2011 8/11/2011 8/12/2011 8/12/2011 8/12/2011 8/13/2011 8/13/2011 8/13/2011 
 
Time 1:00PM 7:30PM 7:30AM 1:30PM 8:00PM 7:00AM 2:00PM 8:00PM 
 
Time (hrs) 147 153.5 165.5 171.5 178 189 196 202 
T
h
er
m
is
to
r
 
S1 [deg C] 0 0.1 -2.1 -3.2 -4.6 -6.5 -6.1 -6.6 
S2 [deg C] -4.4 -3.9 -7.5 -8.9 -10.3 -12.6 -11.1 -12 
S3 [deg C] -1.3 -1.1 -3.6 -4.9 -6.3 -8.4 -7.9 -8.6 
S4 [deg C] -5.7 -5.1 -9.4 -10.8 -12.3 -14.4 -12.5 -13.4 
S5 [deg C] -3.3 -2.9 -6.2 -7.4 -9 -11 -9.8 -10.3 
T1-1 (2m) [deg C] 4.2 3.5 1.7 0.4 -0.9 -2.5 -2.9 -3.2 
T1-2 (3m) [deg C] 8.3 7.3 5.7 4.6 3.4 1 -0.1 -0.4 
T1-3 (4m) [deg C] 11.7 11.2 10.4 9.9 9.2 8.3 7.7 7.4 
T2-1 (2m) [deg C] 16.5 15.8 14.6 13.9 13.2 12 11.2 10.7 
T2-2 (3m) [deg C] 17.3 16.6 15.4 14.8 14.2 13.1 12.4 11.8 
T2-3 (4m) [deg C] 17.2 16.8 16.2 15.9 15.5 14.9 14.6 14.3 
O
th
er
 C
o
n
d
it
io
n
s 
Air Temp in 
Shade [deg C] 36.6 31.9 27 30.9 28.2 24.7 34.3 — 
Temp Near Outlet 
[deg C] — -135.3 -185.3 -137.1 -163.5 -145.5 — — 
Liquid N2 Level 
[in] 6 44 33 28 20 6 44 39 
Thickness of Ice 
at Inlet Thin Thick Very Thick Very Thick Very Thick Very Thick Thick/Melting 
Very 
Thick 
Thickness of Ice 
at Outlet Thin Thick Very Thick Very Thick Very Thick Very Thick Thin/Melting 
Very 
Thick 
N
o
te
s 
This row explains 
any changes in the 
freezing system 
LN2 tank 
low to 
empty 
1:30 pm: 
Tank refilled 
to 48"         
LN2 tank low 
to empty 
10:30 pm: 
Tank 
refilled to 
48" 
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Table  B.1 (continued) Data recorded during ground freezing. 
 
 
Date 8/14/2011 8/14/2011 8/14/2011 8/15/2011 8/15/2011 8/15/2011 8/16/2011 8/16/2011 
 
Time 6:30AM 2:00PM 7:30PM 6:30AM 12:30PM 7:00PM 7:00AM 4:00PM 
 
Time (hrs) 212.5 219 224.5 235.5 241.5 248 260 269 
T
h
er
m
is
to
r
 
S1 [deg C] -8.3 -9.2 -9.6 -10.6 -8.2 -7 -9.9 -11.4 
S2 [deg C] -14.2 -15.2 -15.6 -16.4 -12.1 -10.8 -15.1 -16.7 
S3 [deg C] -10.4 -11.4 -11.9 -12.8 -9.9 -8.5 -11.8 -12.2 
S4 [deg C] -15.6 -16.9 -17.2 -18 -13.1 -11.8 -16.5 -18.9 
S5 [deg C] -12.7 -13.7 -14 -14.9 -11.2 -9.8 -13.7 -15.7 
T1-1 (2m) [deg 
C] -4.6 -5.5 -6 -7 -6 -4.9 -6.8 -8.1 
T1-2 (3m) [deg C] -1.7 -2.6 -2.5 -3.3 -3.1 -2.3 -3.7 -5 
T1-3 (4m) [deg C] 6.7 6.2 5.8 5.2 5 4.9 4.6 4.2 
T2-1 (2m) [deg C] 9.7 9.1 8.6 7.7 7.2 6.8 6.2 5.8 
T2-2 (3m) [deg C] 10.8 10.2 9.8 9 8.5 8.1 7.6 7.2 
T2-3 (4m) [deg C] 13.7 13.4 13.1 12.7 12.3 12 11.6 11.4 
O
th
er
 C
o
n
d
it
io
n
s 
Air Temp in 
Shade [deg C] — — — — 30.2 32 22.8 — 
Temp Near Outlet 
[deg C] — — — — — -113.1 186.3 — 
Liquid N2 Level 
[in] 27 21 17 6 48 43 30 22 
Thickness of Ice 
at Inlet Very Thick Very Thick Very Thick Thick Thin Thin Thick Thick 
Thickness of Ice 
at Outlet Very Thick Very Thick Very Thick Thick None Thin Thick Thick 
N
o
te
s 
This row explains 
any changes in the 
freezing system       
LN2 tank 
low to empty 
12:00 pm: 
Tank refilled 
to 48"       
 90 
 
Appendix C: Calculated volume of liquid nitrogen consumed based on height of liquid 
nitrogen in the tank 
 
Table C.1 presents estimates of the volume of liquid nitrogen consumed during 
ground freezing calculated with the level of  liquid nitrogen in the liquid nitrogen tank. It 
was assumed that the tank was a right circular cylinder with flat vertical ends to perform 
the calculations.  
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Table C.1 Calculated volume of liquid nitrogen consumed based on height of liquid 
nitrogen in the tank 
 
Time 
Liquid Nitrogen 
Height in Tank, H 
Volume in 
Tank, V
1,2
 
Cumulative 
Volume 
Cumulative 
Volume 
(hrs) (in) (in
3
)  (in
3
) (liters) 
0 48 647822 0 0 
0.5 40 510989 33756 552 
5.5 38 477233 50523 827 
9.5 37 460465 83797 1371 
19.5 35 427191 100287 1641 
25 34 410701 132931 2175 
33.5 32 378058 165068 2701 
44.5 30 345920 180924 2961 
51.5 29 330064 212164 3472 
57.5 27 298825 272466 4459 
68.5 23 238523 315435 5162 
75.5 20 195554 381695 6246 
81.5 15 129294 492517 8059 
92.5 4 18472 492517 8059 
95 47 630639 561098 9182 
98.5 43 562057 612167 10017 
106 40 510989 777235 12718 
117 30 345920 854873 13989 
123 25 268283 927601 15179 
129 20 195554 1051563 17207 
140.5 10 71592 1089439 17827 
147 6 33716 1111119 18182 
147.5 3 12036 1111119 18182 
147.5 48 647822 1179775 19305 
153.5 44 579165 1364620 22330 
165.5 33 394321 1444578 23639 
171.5 28 314363 1563387 25583 
178 20 195554 1725224 28231 
189 6 33716 1740469 28480 
192.5 4 18472 1740469 28480 
192.5 48 647822 1809125 29604 
196 44 579165 1894214 30996 
202 39 494077 2089465 34191 
212.5 27 298825 2178652 35651 
219 21 209638 2233386 36546 
224.5 17 154904 2354574 38529 
235.5 6 33716 2381718 38974 
241 2 6573 2381718 38974 
241 48 647822 2381718 38974 
241.5 48 647822 2467482 40377 
248 43 562057 2683619 43914 
260 30 345920 2805574 45909 
269 22 223965     
1
V = L[(2R – H)H]0.5(H – R) + Rcos-1(1-H/R) 
2
Radius, R = 48 in; Length, L =179 in 
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Appendix D: Estimated radius of the frozen zone based on temperature measurements 
 
Table D.1 presents the values of the estimated frozen zone using temperatures 
measured at thermistors S1-S5 and T1. Values in Table D.1 were obtained by solving 
Equations 4.1 and 4.2 for R depending on whether the frozen zone was less than or 
greater than the distance to the appropriate thermistor location. 
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Table D.1 Estimated radius of the frozen zone based on temperature measurements 
 
Time Estimated Frozen Radius (Equations 4.1 & 4.2)  [m] 
(hrs) T1-1 (2m) T1-2 (3m) T1-3 (4m) S1 S2 S3 S4 S5 
0.5 * * * * * * * * 
5.5 * * * * * * * * 
9.5 * * * * 0.24 0.24 0.24 * 
19.5 * * * * 0.27 0.25 0.26 0.24 
25 * * * * 0.27 0.26 0.27 0.25 
33.5 * * * 0.25 0.28 0.27 0.28 0.26 
44.5 0.24 * * 0.25 0.29 0.28 0.29 0.27 
51.5 0.24 * * 0.26 0.30 0.28 0.29 0.27 
57.5 0.25 * * 0.26 0.30 0.29 0.30 0.27 
68.5 0.26 * * 0.28 0.33 0.31 0.33 0.29 
75.5 0.26 * * 0.29 0.35 0.33 0.35 0.31 
81.5 0.27 * * 0.30 0.37 0.34 0.37 0.33 
92.5 0.30 0.24 0.24 0.35 0.45 0.40 0.46 0.39 
98.5 0.32 0.25 0.25 0.37 0.47 0.42 0.48 0.41 
106 0.34 0.27 0.26 0.39 0.50 0.44 0.52 0.44 
117 0.38 0.29 0.28 0.44 0.59 0.51 0.61 0.51 
123 0.41 0.31 0.29 0.48 0.65 0.56 0.68 0.56 
129 0.43 0.34 0.30 0.52 0.70 0.60 0.72 0.62 
140.5 0.50 0.39 0.33 0.62 0.76 0.70 0.77 0.69 
147 0.53 0.42 0.34 0.65 0.76 0.72 0.76 0.69 
153.5 0.54 0.44 0.35 0.65 0.75 0.71 0.75 0.68 
165.5 0.59 0.48 0.36 0.67 0.80 0.75 0.82 0.72 
171.5 0.63 0.51 0.37 0.69 0.82 0.76 0.84 0.74 
178 0.65 0.54 0.39 0.70 0.84 0.78 0.86 0.76 
189 0.67 0.61 0.41 0.73 0.88 0.81 0.90 0.79 
196 0.67 0.64 0.42 0.72 0.86 0.81 0.86 0.77 
202 0.68 0.64 0.43 0.73 0.87 0.82 0.88 0.78 
212.5 0.69 0.66 0.44 0.75 0.91 0.84 0.92 0.81 
219 0.70 0.67 0.46 0.76 0.93 0.86 0.94 0.83 
224.5 0.71 0.67 0.47 0.77 0.93 0.87 0.95 0.84 
235.5 0.72 0.68 0.48 0.78 0.95 0.88 0.97 0.85 
241.5 0.71 0.67 0.49 0.75 0.87 0.84 0.88 0.79 
248 0.70 0.67 0.49 0.73 0.85 0.81 0.85 0.77 
260 0.72 0.68 0.50 0.77 0.92 0.87 0.94 0.83 
269 0.74 0.70 0.51 0.79 0.95 0.87 0.98 0.86 
*Indicates the estimated frozen zone is less than 0.24 m, for which Equations 4.1 and 4.2 are invalid. 
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